Abstract This investigation was designed to elucidate the dynamics of the left ventricular (LV) papillary muscles. Miniature tantalum myocardial markers were placed on the tip and base of each papillary muscle in six dogs. Markers were also implanted into the LV myocardium to define two orthogonal equatorial diameters and the long-axis dimension. Two weeks later, after recovery from thoracotomy, markers were visualized by biplane fluoroscopy, and video images were recorded during control conditions, after autonomic blockade, after inotropic stimulation with calcium, after methoxamine infusion (to increase afterload), and after blood volume augmentation (to increase preload). Two days later, radiographic recordings were made before and after occlusion of the left circumflex coronary artery. Computer-aided analysis of the video recordings was used to determine three-dimensional coordinates of the markers. It was found that before circumflex coronary occlusion, the dynamraditionally, it has been held that the function of the left ventricular (LV) papillary muscles is to maintain the competency of the mitral valve during ejection, but a century ago Woods1 wrote:
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The musculi papillares are usually considered as having only to do with controlling the mitral and tricuspid valves. But they must also aid in expelling blood. For the exertion necessary to prevent the valves from flapping back into the auricles must also react on the ventricular wall and help it in its effort at contraction. They must then be looked upon as having the double function of controllers of the valves and true working muscles of the heart itself. The second goal of the present study was to test the hypothesis that the papillary muscles remain isometric during two critical periods within the cardiac cycle, isovolumic contraction (IVC) and isovolumic relaxation (IVR).
We found that the papillary muscles shorten during ejection in a manner similar to the rest of the LV and their lengths change only very slightly during the isovolumic periods, except when affected by ischemia.
Materials and Methods Surgical Preparation
Six mongrel dogs of either sex (25 to were placed subendocardially in the equatorial plane: one in the septum (S), one in the lateral free wall (L), one in the anterior wall (A) , and one in the posterior wall (P). Two markers were placed along the length of the anterior and posterior papillary muscles at the tip and base, PA1 -PA2 and PP1 -PP2, respectively. and ventilated (Ohio Anesthesia ventilator) with oxygen and isoflurane (1% to 2%). A left lateral thoracotomy was performed via the fifth intercostal space. A modified spinal needle (20 gauge, 8 .9 cm in length) whose sheath was 2 mm shorter than the obturator was then used to insert as many as 19 radiopaque helical tantalum markers (inner diameter, 0.8 mm; outer diameter, 1.3 mm; length, 1.0 mm) into various sites in the heart. For the purposes of the present study, the markers in the locations shown in Fig 1 were those analyzed. Placed on the sheathed extension of the obturator, each marker was inserted and then deposited by withdrawal of the obturator while the sheath was held in a fixed position. A basal anterior marker (BA) was placed at the origin of the left anterior descending coronary artery, a basal posterior marker (BP) was placed at the origin of the posterior descending artery, and a basal lateral marker (BL) was placed equidistant from BA and BP. A fourth marker (X) was inserted into the myocardium at the LV apex.
After placement of these markers, the right femoral artery and the right atrium were cannulated (12F or 14F arterial and 36F two-stage venous cannulas). The animals were heparinized (300 IU/kg) and placed on normothermic cardiopulmonary bypass (CPB) using a roller pump (Pemco Corp), a bubble oxygenator (Harvey H-1300, Bard Cardiopulmonary), and Ringer's lactate prime. The right ventricle was vented, the ascending aorta cross-clamped, and the heart arrested with 500 mL of cold potassium crystalloid cardioplegic solution. Myocardial temperature was maintained below 13°C with topical cold saline.
The LV cavity was exposed via a left atriotomy, the integrity of the subvalvular apparatus was verified, and the following subendocardial markers were placed under direct visual observation. One marker was placed in the equatorial interventricular septum (S , Fig 1) , and three additional subendocardial markers were placed at the equatorial level in the anterior (A), lateral (L), and posterior (P) walls. Two markers were then placed in the subendocardium of each papillary muscle along its longitudinal axis: one at the tip (PA1, PP1 [between the primary chordae]) and one at the base (PA2, PP2). The mitral leaflets and the chordae tendineae were carefully preserved throughout.
The atriotomy was then closed, air was evacuated, the aortic cross-clamp was released, and the heart was defibrillated as necessary. Pacing wires were placed into the right and left atria. In three dogs, a Silastic occluder (In Vivo Metric Systems) was placed around the left circumflex coronary artery near its origin; care was taken not to injure any arterial branches. The heart was then weaned from CPB and decannulated, leaving the pericardium open. Mean ischemic time was 24 minutes (range, 19 to 33 minutes), and average total CPB time was 56 minutes (range, 48 to 77 minutes). After heparin reversal with protamine sulfate, the chest was closed, and the animal was allowed to recover.
Experimental Design
Fourteen to 18 days after marker insertion, the animals were brought to the cardiac catheterization laboratory (study 1). After light sedation with diazepam and ketamine, transthoracic echocardiography was performed to rule out myocardial or valvular dysfunction. With the animals under local anesthesia (infiltration with 1% lidocaine), a zeroed and calibrated micromanometer-tipped catheter (model SPC-350, Millar Instruments) was placed percutaneously into the femoral artery via an introducer and advanced retrograde across the aortic valve into the LV. Biplane cinefluoroscopic recordings were made during steady-state conditions; runs with premature ventricular beats were repeated and excluded from analysis.
First, a baseline (unblocked control) sequence was recorded. Then autonomic blockade was initiated (1.5 mg/kg IV propranolol and 0.1 mg/kg IV atropine), the hearts were atrially paced at 10 beats per minute above the intrinsic blocked heart rate, and a second (blocked control) sequence was recorded. Recordings were then obtained after inotropic augmentation (15 mg/kg IV calcium bolus), afterload augmentation (methoxamine 60 /Lg/kg per minute), and preload augmentation (rapid infusion of 500 mL of normal saline solution).
Two days later, the animals were again brought to the catheterization laboratory (study 2) and lightly sedated with ketamine and diazepam, and a micromanometer-tipped catheter was placed in the LV. The animals were given fentanyl by continuous infusion and endotracheally intubated At the completion of the experimental protocol, each animal was killed (Beuthanasia-D, Schering-Plough Animal Health Corp), and a necropsy was performed to verify that the mitral valve, papillary muscles, and chordae tendineae were intact and that the markers were properly positioned. All basal markers were found to be accurately placed near the mitral annulus; all equatorial markers (A, L, P, and S) were found to be within 1 mm of the endocardial surface (ie, visible without dissection). Papillary muscle markers were found to lie within 0 to 2 mm of the endocardial surface.
All 
Data Analysis
Heart rate was derived from the ECG signal. LV volume (V) was calculated using the formula for an ellipsoid: (1) V=-w* a. b * c/6
where a is the minor diameter between markers S and L, b is the minor diameter between markers A and P, and c is the major diameter between markers BA and X. The resultant volume curve was smoothed using a five-point adjacent-averaging filter. The cardiac cycle was divided into the phases illustrated in Fig 2. First, Vmin was determined by finding the minimum LV volume during each cardiac cycle, and its time was noted. Then the time (and volume) of end diastole (ED) was determined as the maximum LV volume (VED) between the preceding R wave and Vmin. The beginning of IVC was defined as the time of ED; end IVC was defined when the rising LV systolic pressure reached 90% of its maximum value. The time and value of dP/dtmax were also determined, as were the time and value of maximum LV pressure (Pma,). Stroke volume (SV) was computed as VED-Vmin, and ejection fraction was 100 (SV/VED). End systole (ES) was defined as 16.7 milliseconds (the period of one radiographic field) before the time of dP/dtm n, 12 which also was defined as the beginning of IVR. End IVR was defined as the time when LV pressure dropped to 10% of its maximum systolic value.
The time of each of these phases was expressed as a percentage of the corresponding RR interval. Chord lengths (L[t] ) between marker pairs were computed and smoothed (five-point adjacent-average filter), determined for each phase of the cardiac cycle, and normalized to their length at ED. Chord-length strain (fractional shortening) for each phase was expressed as follows: (2) 
where LED is length at ED and negative strain indicates shortening. In an analogous way, volume was normalized to its value at ED, and volume strain was calculated for each phase of the cardiac cycle by substituting volume for length in Equation 2 above.
Statistical Analysis
Data are expressed as mean ± 1 SD; the values for each run represent the average of three cardiac cycles. Data were compared by repeated-measures ANOVA. When significant differences were detected by ANOVA, the Fisher pairwise least significant difference test (sYsTAT version 5.0, SYSTAT Corp) was used to determine which individual differences were statistically significant. Statistical significance was assigned to any Pc.05. Student's t test was used to compare mean values with zero.
Results
As shown in Table 1 As shown in Table 2 , systolic shortening of the LV minor diameters (S-L and A-P) was greater than that of the long axis (BA-X). Only S-L shortening changed significantly with the interventions, increasing with both calcium infusion and volume augmentation. With posterior ischemia, however, both LV A-P and BA-X A, anterior wall marker; P, posterior wall marker; S, septal marker; L, lateral free wall marker; BA, basal anterior marker; X, apical marker; ED, time of maximum left ventricular (LV) volume; APmin, minimum anterior-posterior diameter (between markers A and P, Fig 1) ; APED, anterior-posterior diameter at the time of ED; SLin, minimum septal-lateral diameter (between markers S and L, Fig 1) ; SLED, septal-lateral diameter at the time of ED; BAXmin, minimum base-apex dimension (between markers BA and X, Fig 1) (Fig 3, right) Table 3) ranged between -7.7±2.3% and -12.5±8.0%, all significantly different from an "isovolumic" state (P<.01 versus zero). Changes in loading or inotropic state, including ischemia, had no significant effect on the magnitude of LV volume strain during IVC.
Anterior and posterior papillary muscle strain during IVC (Table 3) 
Discussion
The principal finding of the present study is that in the absence of ischemia, canine papillary muscle dynamics closely follow the dynamics of the LV as a whole. In these animals, the papillary muscles contracted in a smoothly varying manner, beginning slowly at the onset of systole, increasing during ejection, and ceasing at ES. They did not lengthen during IVC; instead, on average, they shortened slightly. They did not shorten during IVR, but like the rest of the LV, they lengthened slightly. Indeed, for two critical phases, IVC and IVR, there were no physiologically significant length changes of the papillary muscles except during circumflex coronary artery occlusion.
The present findings differ in some ways from those of a number of recent investigations of papillary muscle dynamics, capping a 30-year history of discordant observations. In 1965, Hider et al15 used high-speed cineangiography to show that canine papillary muscles contract before other regions of the LV and therefore serve to fix the position of the mitral valve before ventricular contraction. Expanding on these findings, Burch and DePasquale16 summarized that the papillary muscles shorten during systole to maintain tension in the chordae tendineae and to prevent mitral valvular incompetence and activate before contraction of the LV free wall to enable them to transmit tension from the contracting LV. This construct was soon refuted by Fisher et al,17 who, using Whitney-type mercury strain gauges, found that papillary muscles lengthen during IVC, shorten slowly during ejection, and shorten rapidly during IVR. This finding suggested that papillary muscles lengthen, paradoxically, after electromechanical activation, ie, that they perform negative work. This finding was corroborated by Cronin and colleagues,'819 who, in 1968, using modified Walton-Brodie strain gauges and papillary muscle electrograms, demonstrated that canine papillary muscles elongate in early systole, indeed, shortly after electrical excitation. This was further substantiated in 1970 by Armour and Randall,20 who used a similar preparation to demonstrate again that although papillary muscle excitation occurred simultaneously with the rest of the LV, papillary muscle contraction occurred 15 to 35 milliseconds after the onset of LV contraction. That same year, however, using cineradiograms to visualize metal clips, Karas and Elkins21 measured multiple distances between the mitral leaflets, the base of the chordae tendineae, and the LV apex and observed that the distance from the free margin of the mitral valve to the LV apex remained constant throughout systole, implying isometric papillary muscle contraction. However, this observation was refuted in 1975 by Grimm et al,22 who also used cineradiographic studies of radiopaque markers to show that the papillary muscles contracted by as much as 23%. That year, Semafuko et al,23 using mercury length gauges implanted in equine anterior and posterior papillary muscles, again showed rapid lengthening of the papillary muscles during IVC, followed by rapid shortening (-10%) during ejection and IVR. Two years later, Hirakawa et 28 and others. In agreement with their observations, we found that deformation of the ischemic posterior papillary muscle closely followed the LV pressure waveform (Fig 4, right) . Slavelike, responding to the increase in LV pressure, the weakened papillary muscles lengthened during IVC, reached maximum length near the time of maximum pressure in systole, and then, as LV pressure decreased, finally shortened during IVR and into early diastole. This pattern prevailed without deviation in the ischemic posterior papillary muscle, and only in the ischemic posterior papillary muscle, in all dogs. Because of this, we believe that the previous studies demonstrating papillary muscle lengthening during IVC and shortening during IVR may have been confounded by myocardial ischemia, stunning, or other forms of metabolic injury.
What are the implications of the present findings? Beginning with the clinical studies by Lillehei et al,2 it was shown that conventional mitral valve replacement (with excision of the entire subvalvular apparatus) was associated with early postoperative low-output syndrome and increased mortality rates. Therefore, it was hypothesized that disruption of the subvalvular apparatus is detrimental to LV systolic function. Several animal studies from our laboratory and others, as well as studies in humans, have supported the hypothesis that the mitral subvalvular apparatus contributes importantly to the work of the LV, a relation we have termed "valvular-ventricular interaction."4-9 The mechanism through which papillary-annular continuity contributes to LV pump function remains unknown, and until it is determined, valvular-ventricular interaction will remain incompletely understood.
Several functions have been ascribed to the papillary muscles. Armour and Randall,30 in their investigation of the structural basis of cardiac function, showed that the epicardial fibers descend vertically from the base to the apex, where they plunge inward to form the fibers of the papillary muscles. The loop is completed by the insertion of the chordae tendineae onto the fibrous ring via the mitral valve leaflets. Receiving a greater fraction of the epicardial fibers, the canine anterior papillary muscle is twice as large, by weight, as the posterior papillary muscle. They also observed that the papillary muscles form a flow-directing diastolic inflow tract, which they then obliterate during systole. Furthermore, during systole, while filling the inflow tract, they create a smooth outflow tract directed toward the aortic orifice. Using plaster casts to estimate the volume of the ventricular cavity occupied by the papillary muscles, they determined that these muscles occupy 8% of LV volume during diastole and 30% during systole. Similarly, Ross et a131 determined values of 5% and 14%, respectively. Thus, the papillary muscles may help direct blood flow and, by virtue of their chamber-obliterening has been invoked as an example of negative cardiac work. 29 ating potential, displace volume and contribute to the ejection of blood.
Analyses of global and regional LV contractile function using load-independent indexes of contractility have shown deterioration of LV function following disruption of the mitral apparatus. Another important technical issue is the temporal matching between marker-derived variables and the hemodynamic and ECG signals. The accuracy of our system has been validated previously1" and is further corroborated in the present study by the close temporal agreement of the time of minimum LV volume and the time of ES as derived independently from the LV pressure signal. Slinker and Glantz33 have pointed out the danger of comparing normalized segment lengths; ie, widely different absolute deformations may produce similar relative strains. In the present study, the absolute lengths of the reference papillary muscle dimension at ED did not The precise extent of ischemia and the degree of papillary muscle and LV wall blood flow compromise produced by the proximal circumflex artery occlusion were not determined in this study. Microsphere blood flow determinations, which would have required sectioning of the LV, were omitted because of the need to verify marker position. Numerous studies have detailed the distribution of canine circumflex artery blood flow; major ischemia in the LV lateral and posterior walls and the posterior papillary muscle are produced by proximal circumflex coronary artery occlusion. 34, 35 ED is often defined at the peak of the electrocardiographic R wave. We used the time of maximum volume to define ED and the ED reference dimensions. To ensure that another definition would not alter the outcome, we also assessed papillary muscle strain with respect to the values observed at the peak of the R wave; no differences in the results or conclusions were found.
Lagrangian , like those of the mammalian heart. Therefore, we also analyzed these papillary muscle dynamics in terms of natural strain. No important differences were observed in papillary muscle dynamics assessed by using these two definitions of strain, and our conclusions were therefore unchanged.
In the present study, we found that the LV volume as a function of time had clearly defined inflection points; thus, there was no time during LV pressure rise or fall when LV volume was constant (isovolumic). The terms isovolumic contraction and isovolumic relaxation, however, were used because they are commonly used to describe the intervals when most of the changes in LV pressure occur, and both the aortic and mitral valves are assumed to be "closed."
In summary, the present study demonstrates that canine papillary muscle contraction ordinarily follows the overall pattern of LV contraction, contracting smoothly and continuously, beginning in isovolumic contraction and continuing until ES, when, like the rest of the ventricle, they relax and relengthen; no deviations from this pattern were observed under the range of normal loading and inotropic conditions examined. Posterior myocardial ischemia distinctly perturbed this pattern of papillary muscle dynamics.ation, California Affiliate, Inc. Dr Moon was also supported by a National Institutes of Health Individual National Research Service Award (HL-08532). We thank Cynthia E. Handen, Mary S. Zasio, and Carol W. Mead for their invaluable technical assistance.
